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Spinal motor neurons (MNs) and V2 interneurons
(V2-INs) are specified by two related LIM-complexes,
MN-hexamer and V2-tetramer, respectively. Here we
show how multiple parallel and complementary feed-
back loopsare integrated toassign these twocell fates
accurately. While MN-hexamer response elements
(REs) are specific to MN-hexamer, V2-tetramer-REs
can bind both LIM-complexes. In embryonic MNs,
however, two factors cooperatively suppress the
aberrant activation of V2-tetramer-REs. First, LMO4
blocks V2-tetramer assembly. Second, MN-hexamer
induces a repressor, Hb9, which binds V2-tetramer-
REs and suppresses their activation. V2-INs use a
similar approach; V2-tetramer induces a repressor,
Chx10, which binds MN-hexamer-REs and blocks
their activation. Thus, our study uncovers a regulatory
network to segregate related cell fates,which involves
reciprocal feedforward gene regulatory loops.
INTRODUCTION
In the nervous system development, cell lineage specification by
combinatorial expression of a relatively limited number of tran-
scription factors leads to a great cellular diversity (Jessell,
2000). Although genetic studies clearly implicate these factors
in cell lineage specification, they do not provide a satisfactory
understanding of how they function at a transcription level.
Moreover, the mechanistic regulatory basis by which multiple
transcription regulators cooperate to specify a desired cell fate
while suppressing unwanted fates is poorly defined. This study
aims to directly tackle this issue by identifying the gene regula-
tory networks that segregate MN and V2-IN identities during
spinal cord development.
Spinal MNs and V2-INs, critical constituents in the vertebrate
spinal neuronal circuitry coordinating locomotion, are two dis-
tinct cell types but share expression of many transcription regu-Dlators along their lineage specification processes (Jessell, 2000;
Lee and Pfaff, 2001). They emerge from neighboring progenitor
domains p2 and pMN,which are established through graded sig-
naling of Sonic hedgehog (Shh) (Jessell, 2000; Lee and Pfaff,
2001; Figure 1A). While both p2 and pMN cells express Pax6
and Nkx6, p2 cells express Irx3 and pMN cells express Olig2
(Briscoe et al., 2000; Mizuguchi et al., 2001; Novitch et al.,
2001). Both cell types upregulate LIM homeodomain (LIM-HD)
proteins Lhx3/Lim3 and its redundant factor Lhx4 and their co-
factor NLI (Ldb, CLIM, Chip) just prior to their exit from the cell
cycle (Sharma et al., 1998; Thaler et al., 2002). In addition,
pMN cells upregulate another LIM-HD factor, Isl1 (Ericson
et al., 1992). Loss- and gain-of-function studies demonstrate
the essential roles for Lhx3/4 in the specification of both cell
types and for Isl1 only in MN development (Pfaff et al., 1996;
Sharma et al., 1998; Tanabe et al., 1998; Thaler et al., 2002).
In V2-INs, two Lhx3s and NLI-dimer form a complex of
2NLI:2Lhx3 (denoted as V2-tetramer; Figure 1A; Thaler et al.,
2002). In MNs, two Isl1:Lhx3-dimers and NLI-dimer generate
a complex of 2NLI:2Isl1:2Lhx3 (MN-hexamer; Figure 1A). Al-
though formation of V2-tetramer and MN-hexamer has begun
to provide the biochemical basis underlying the precise segrega-
tion of V2 and MN fates despite the presence of common tran-
scriptional regulators in these cell types, two key issues remain
unsolved.
First, how is MN-hexamer selected to function in MNs, when
they can also assemble V2-tetramer? Isl1 forms MN-hexamer
at the expense of V2-tetramer, as the Isl1:Lhx3 interaction to as-
semble MN-hexamer and the NLI:Lhx3 interaction for V2-tetra-
mer assembly are mutually exclusive (Figure 1A; Thaler et al.,
2002). However, this does not fully explain the dominant function
of MN-hexamer, as these two interactions are comparable in
affinity (Thaler et al., 2002), and thus additional mechanisms to
promote MN-hexamer function may exist in MNs. LIM-only pro-
tein dLMO negatively regulates the function of LIM-complex by
competing with LIM-HD factor for binding NLI in Drosophila
(Milan and Cohen, 1999). In mammalian hematopoietic develop-
ment, LMO2 forms a higher-order transcription complex con-
taining NLI (Wadman et al., 1997). Thus, LMOs may function as
key modulators of NLI-complexes, including V2-tetramer and
MN-hexamer, in the developing spinal cord.evelopmental Cell 14, 877–889, June 2008 ª2008 Elsevier Inc. 877
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Lhx3, recognize distinct DNA-REs to trigger differential gene ex-
pression outcomes? The Lhx3-binding site in the presumptive
DNA-RE for V2-tetramer (TeRE for tetramer response element)
could be sufficiently different in sequence from that in the
MN-hexamer-RE (HxRE for hexamer response element) to allow
the stringent cell-type specificity of V2-tetramer andMN-hexamer
in gene regulation. Alternatively, TeRE and HxRE themselves
may not confer selectivity, but specific transcription repression
strategies could function to block activation of TeRE in MNs
and of HxRE in V2-INs. Importantly, no direct target gene for
V2-tetramer is known, while Hb9 is a sole direct target gene of
MN-hexamer (Lee and Pfaff, 2003). Hb9, anMN-specific homeo-
domain transcription factor, plays key roles in establishing MN
identity (Arber et al., 1999; Thaler et al., 1999), although the
underlying molecular mechanisms are unknown.
Here we uncover efficient reciprocal feedforward regulatory
networks, which operate to ensure the accurate assignment of
MNs and V2-INs by enabling TeRE/HxRE to direct precise neu-
ronal subtype-specific gene expression in vivo. We also provide
the molecular basis for the dominant function of MN-hexamer in
MNs. Overall, our results provide crucial insights into how cellu-
lar diversity in the developing nervous system is achieved with
Figure 1. Hb9 and LMO4 Cooperate to
Establish MN Identity
(A) Developmental pathway for V2-INs and MNs.
Schematic representation of V2-tetramer and
MN-hexamer and their response elements.
(B) Immunohistochemical analyses with Chx10
(green) and Isl1 (red) antibodies in E12.5 littermate
embryos at thoracic spinal cord. The ventrolateral
quadrant spinal cord is shown. Isl1+ cells outside
spinal cord (dotted line) represent dorsal root gan-
glion sensory neurons.
(C) Quantification of Chx10+ cells and Chx10+/
Isl1+ hybrid cells in quadrant spinal cord of E12.5
and E14.5 embryos in 12 mm sections. *, p <
0.05; **, p < 0.0005 in the two-tailed t test. The
error bars represent the standard deviation.
combinatorial expression of a limited
number of transcription factors.
RESULTS
LMO4 and Hb9 Cooperatively
Suppress V2-Pathway in MNs
While the role of LIM-HD factors in the
developing vertebrate spinal cord is
well documented, the function of LMOs
is less clear. As dLMO controls the activ-
ity of LIM-complex (Milan and Cohen,
1999; Milan et al., 1998), we reasoned
that vertebrate LMOs might act similarly
in the developing spinal cord. In the ven-
tral spinal cord, Lhx3 is induced in imma-
ture postmitotic MNs and V2-INs emerg-
ing from the ventricular zone, and rapidly
extinguished from mature MNs except MNs in medial median
motor column (MMCm), which innervate dorsal axial muscles
(Sharma et al., 1998). In the developing spinal cord, LMO4
was expressed in the ventricular zone and downregulated in
the lateral zone where postmitotic neurons reside (Figures S1–
S3, see the Supplemental Data available with this article online).
In the ventral spinal cord, however, LMO4 was highly expressed
in MNs that emerge from the ventricular zone and upregulate
MN-specifying genes Isl1, Lhx3, and Hb9 (and Mnr2 in chicks).
Interestingly, expressions of LMO4 and Chx10, a marker of V2-
INs, were largely nonoverlapping in the subventricular zone of
the ventral spinal cord in which V2-INs are being generated (Fig-
ures S2 and S3). At E12.5, LMO4 was detected most abundantly
in Lhx3+Hb9+ MMCm cells and some interneurons (Figure S3B;
Chen et al., 2002a; Lee et al., 2005).
The coexpression pattern of LMO4 and Lhx3 in spinal MNs
suggests that LMO4 may specifically regulate Lhx3-containing
LIM-complexes during MN development. To test this, we ana-
lyzed LMO4 null embryos (Lee et al., 2005). Overall patterning
of ventral progenitor domains was intact in LMO4 mutants, as
tested by Pax6, Nkx6.1, and Olig2 expressions (Figure S4;
data not shown). However, the number of Lhx3+Chx10+ V2-
INs was progressively increased in LMO4 mutant embryos at878 Developmental Cell 14, 877–889, June 2008 ª2008 Elsevier Inc.
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and 138% of wild-type at E14.5 (Figures 1B and 1C). Several
ectopic Chx10+ V2-INs were also found more ventrally or dor-
sally to the defined V2-domain (Figure 1B; data not shown).
Moreover, hybrid cells coexpressing V2-marker Chx10 and
MN-markers Isl1 or Hb9::GFP (yellow cells in Figure 1B;
Figure S5) were detected in LMO4 mutant, while this does not
occur in wild-type (Figures 1B and 1C). Thus, MN- and V2-path-
ways are incompletely segregated in LMO4 mutant.
As similar MN defects are also reported in Hb9 null embryos
(Arber et al., 1999; Thaler et al., 1999), we examined the genetic
interactions between LMO4 and Hb9 by generating compound
mutant mice. Strikingly, Chx10+ V2-INs were markedly in-
creased in compound mutants compared to each single mu-
tant: 110% of wild-type in LMO4-knockout (KO), 144% of
wild-type in Hb9-KO, and 226% of wild-type in LMO4:Hb9-
double KO (DKO) at E12.5 (Figures 1B and 1C). In these com-
pound mutants, V2 genes were dramatically upregulated in
MNs, as shown by increased Isl1+ Chx10+ MN-V2 hybrid cells
(Figures 1B and 1C). Consistently, Chx10 was also upregulated
in MNs of compound mutants labeled by Hb9::GFP in
Hb9::GFP transgenic background (Lee et al., 2004; Figure S5B).
In contrast, the ventral progenitor domains were established
normally and no change in cell death was observed (Figure S4,
data not shown), suggesting that the aberrant upregulation
of V2 gene in MNs likely results from intrinsic defects in MN
specification.
Next, we examined motor axon projection in the periphery of
LMO4 and/or Hb9 mutants crossed with Hb9::GFP transgenic
line, which labels motor axons with GFP (Lee et al., 2004). Inter-
estingly, more frequent and pronounced erroneous axonal
bridges between some pairs of intercostal motor nerves were
observed in LMO4:Hb9 compound mutants compared to
LMO4 or Hb9-single mutant (Figure S6), indicating that the inci-
dence of motor axonal misguidance is significantly increased.
Overall, these results provide genetic evidence that Hb9 and
LMO4 cooperate to establish the MN identity, at least in part,
by suppressing unwanted V2 genes in MNs.
Figure 2. Hb9 and LMO4 Block V2 Differen-
tiation by V2-Tetramer
(A) V2-IN specification analyses in chicks electro-
porated with constructs listed above. Ectopic
Chx10+ V2-INs in the dorsal spinal cord are
marked by brackets.
(B) The efficiency of V2 inductionwas quantified by
the number of ectopic Chx10+ V2-INs (red) among
all electroporated cells expressing Lhx3 (green).
The error bars represent the standard deviation.
LMO4 and Hb9 Block Ectopic V2
Generation by V2-Tetramer
Misexpression of Lhx3 in chick dorsal
neural tube triggers ectopic V2 genera-
tion (Tanabe et al., 1998), as Lhx3 forms
V2-tetramer with endogenous NLI (Thaler
et al., 2002). Thus, expression of Lhx3 is
sufficient for V2 gene induction, bypass-
ing the requirement for Shh signaling
and progenitor factor function (Figure 1A). As Hb9 and LMO4
are coexpressed with Lhx3 during MN differentiation, we rea-
soned that Hb9 and LMO4 might block the unwanted function
of V2-tetramer in MNs. To test this, we electroporated Hb9
and/or LMO4 with Lhx3 and monitored ectopic V2 formation in
chick dorsal spinal cord. Ectopic V2 generation by Lhx3 was
greatly reduced by Hb9 or LMO4 alone (Figure 2A; Thaler
et al., 2002). Consistent with the genetic interaction data (Fig-
ure 1), it was completely abolished by coexpression of Hb9
and LMO4 (Figure 2B). Thus, Hb9 and LMO4 cooperate to selec-
tively inhibit V2 gene induction.
Characterization of TeRE and HxRE
To define themolecular basis underlying the inhibitory function of
Hb9 and LMO4 against V2 gene induction in MNs, it is critical to
understand the nature of TeREs and HxREs and their functional
relationship. Thus, we deduced the REs for Isl1, Lhx3, and
Isl1:Lhx3-dimer (formed by a 1:1 mixture of Isl1 and Lhx3) using
the unbiased screening method SELEX (for systematic evolution
of ligands by exponential enrichment; Wadman et al., 1997). The
Lhx3-RE and Isl1:Lhx3-RE represent V2-tetramer and MN-hex-
amer-RE half-sites (TeRE1/2 and HxRE1/2), respectively. The
functional TeREs and HxREs should consist of at least two cop-
ies of TeRE1/2s and HxRE1/2s (Figure 1A). Importantly, the dimer-
ization function of NLI, whichmediates the V2-tetramer/MN-hex-
amer assembly (Figure 1A) thereby playing an essential role for
V2 and MN differentiation, is dispensable for the DNA-binding
activity of V2-tetramer/MN-hexamer (Lee and Pfaff, 2003).
The SELEX experiments revealed the consensus Isl1-, Lhx3-,
and Isl1:Lhx3-REs, as depicted using the WebLogo program
(Figure 3A) (Schneider and Stephens, 1990). While all three sites
contain A/T-rich sequences like other homeodomain-REs, each
site has unique characteristics. Although CATTAG sequences
were found most frequently as Isl1-REs, there was considerable
variation except at TT in the middle. The CATTAG motif was
found in many Isl1-target gene loci in cardiac development (Do-
dou et al., 2004; Takeuchi et al., 2005). The Lhx3-RE, extremely
well conserved among oligonucleotides selected by Lhx3Developmental Cell 14, 877–889, June 2008 ª2008 Elsevier Inc. 879
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some pituitary hormone genes (Bridwell et al., 2001; Meier
et al., 1999). Intriguingly, the consensus site for Isl1:Lhx3 was
not a simple combination of Isl1-RE and Lhx3-RE and resembles
two binding sites for Isl1:Lhx3 in the MN-enhancer in Hb9 (Hb9-
MNe) (Figure 3A; Lee and Pfaff, 2003).
To further test the specificity of these sites, we performed elec-
trophoretic mobility shift assays (EMSA) with oligonucleotides
containing the consensus Isl1-RE, TeRE1/2, and HxRE1/2 as
probes. While neither lsl1 nor Lhx3 alone bound HxRE1/2,
Isl1:Lhx3 strongly bound HxRE1/2 (Figure 3B), indicating that the
Isl1:Lhx3 interaction is likely critical forMN-hexamer’s recognition
of HxRE. These findings support the prediction that MN-hexamer
target genes are upregulated only in MNs, as V2-tetramer is
incapable of binding HxRE in V2-INs. Isl1 alone, but not
Lhx3, bound Isl1-RE, whereas Isl1:Lhx3 did not bind Isl1-RE
(Figure 3B), suggesting that the Isl1:Lhx3 interaction masks Isl1
Figure 3. LIM-Complexes Recognize Distinct Sequences
(A) The DNA-REs for Isl1, Lhx3, and Isl1:Lhx3-dimer, deduced by SELEX. Two
HxRE1/2s from Hb9 are shown.
(B and C) EMSA with HxRE1/2, Isl1-RE, and TeRE1/2 as DNA probes.
Isl1:Lhx3-dimer binding to the HxRE1/2 is competed with 10- and 100-fold
molar excess of unlabeled TeRE1/2 and HxRE1/2 (C).
(DandE) Luciferase reporter assays inP19cells.Similar resultswereobtained in
HEK293 cells (data not shown). The error bars represent the standard deviation.880 Developmental Cell 14, 877–889, June 2008 ª2008 Elsevier Incfrom binding Isl1-RE. Thus, Isl1-target genes could be upregu-
lated by neither V2-tetramer nor MN-hexamer. Lhx3, but not
Isl1, boundTeRE1/2 (Figure3B).Unlike Isl1-RE,however, Isl1:Lhx3
also bound TeRE1/2. Competition analysis revealed that Isl1:Lhx3
bound HxRE1/2 with higher affinity than TeRE1/2 (Figure 3C).
To test the functionality of TeRE and HxRE, we generated
luciferase reporters linked to multiple copies of TeRE1/2 and
HxRE1/2, termed TeRE::LUC and HxRE::LUC (Figure 1A). In
P19 and HEK293 cells, which express NLI but neither Lhx3 nor
Isl1 (Lee and Pfaff, 2003), a mixture of Isl1 and Lhx3, which
form MN-hexamer with endogenous NLI, enhanced HxRE::LUC
transactivation, while Isl1 or Lhx3 alone did not (Figure 3D).
In contrast, Lhx3 alone, but not Isl1, activated TeRE:LUC
(Figure 3E). Consistent with the EMSA results (Figure 3B),
Isl1:Lhx3 also activated TeRE::LUC (Figure 3E). To test the role
of endogenous NLI, we coexpressed the dimerization domain
alone of NLI (NLI-DD), which prevents the dimerization of endog-
enous NLI and thus disrupts V2-tetramer and MN-hexamer
assembly (Thaler et al., 2002). NLI-DD impaired the ability of
Isl1:Lhx3 and Lhx3 to activate HxRE::LUC and TeRE::LUC, re-
spectively (Figures 3D and 3E), suggesting that NLI-mediated
formation of V2-tetramer andMN-hexamer is required for activa-
tion of TeRE and HxRE. Consistently, in chick neural tube,
NLI-DD inhibited ectopic V2 and MN specification driven by
Lhx3 and Isl1:Lhx3, respectively (Thaler et al., 2002).
These results support themodel in whichHxRE-containingMN
genes are upregulated in MNs (Figure 1A), as HxRE responds
only to MN-hexamer (Figure 3D). Unexpectedly, however, TeRE
can be activated by both V2-tetramer and MN-hexamer in vitro
(Figures 3B and 3E), raising a question of how MNs prevent
MN-hexamer from inappropriately inducing TeRE-containing V2
genes. In vivo, the difference in Isl1:Lhx3-binding affinity between
TeRE1/2 and HxRE1/2 (Figure 3C) might be sufficient to allowMN-
hexamer to induce only MN genes. Alternatively, additional
mechanisms may actively block expression of V2 genes in MNs.
The In Vivo Specificity of TeRE and HxRE
To test the in vivo specificity of TeRE and HxRE, we electro-
porated TeRE::GFP and HxRE::GFP into chick neural tube and
monitored their GFP-induction pattern at developmental stages
in which V2-INs and MNs are specified. HxRE directed GFP
expression specifically to Hb9/Mnr2+Isl1+ embryonic MNs (Fig-
ure 4A, Figure S7). Coelectroporation of NLI-DD suppressed
GFP expression in MNs (Figure 4B, Figure S8A), suggesting
that endogenous MN-hexamer activates HxRE::GFP in MNs.
Coinjection of Isl1 and Lhx3, leading to ectopic MN-hexamer
formation, with HxRE::GFP induced GFP expression in dorsal
spinal cord, which was blocked by NLI-DD (Figures 4C and
4D). In contrast, Isl1 or Lhx3 alone had no effect (data not
shown), consistent with their inability to bind HxRE (Figure 3B).
Thus, MN-hexamer stimulates HxRE in the neural tube. To fur-
ther test whether HxRE is a faithful in vivo reporter ofMN-hexam-
er’s activity, we examined HxRE::GFP expression at a later
developmental stage in which motor columnar diversification is
established and coexpression of Isl1 and Lhx3 is restricted to
ventromedially located MMCm-MNs (Sharma et al., 1998).
Among different motor columnar cells, HxRE::GFP maintained
GFP expression only in Lhx3+Isl1/2+Lim1MMCm-MNs in chick
embryos of HH stage 30 (Figures 4I and 4J), confirming the role.
Developmental Cell
Modulators of Neural LIM-Complexesof endogenous MN-hexamer in stimulating HxRE not only in
newly born MNs but also in MMCm-MNs.
Intriguingly, TeRE::GFP directed GFP expression specifically
to Chx10+ V2-INs (Figure 4E). Disruption of the endogenous
V2-tetramer with NLI-DD blocked GFP expression in V2-INs
(Figure 4F, Figure S8B). In addition, Lhx3 alone, but not Isl1, di-
rected GFP expression ectopically in dorsal spinal cord, which
was suppressed by NLI-DD (Figures 4G and 4H, data not
shown).
The activation pattern of TeRE and HxRE in the neural tube
precisely matches the cell types in which V2-tetramer and MN-
hexamer are formed. Thus, in the developing spinal cord, V2-tet-
ramer and MN-hexamer activate their target genes via TeREs
and HxREs, respectively. The remarkable V2-IN-specificity of
TeRE in the developing spinal cord in contrast to its loose strin-
gency in vitro suggests that differentiating MNs actively inhibit
inappropriate expression of TeRE-containing V2 genes via un-
known mechanisms. In support of this idea, MN progenitors in
developing chick embryos were less susceptible than other neu-
ral precursors to Lhx3-dependent upregulation of V2 genes (data
not shown).
Hb9 Prevents Inappropriate Activation of TeRE in MNs
Two observations suggested that MN-specific homeodomain
factor Hb9 may suppress TeRE activity in MNs. First, V2 genes
were aberrantly upregulated in MNs lacking Hb9 (Figure 1B;
Arber et al., 1999; Thaler et al., 1999). Second, Hb9 antagonized
Lhx3 action in inducing ectopic V2-IN in dorsal spinal cord (Fig-
ures 2A and 2B). Thus, we tested whether Hb9 prevents V2-tet-
ramer from activating TeRE::GFP. In the developing spinal cord,
Hb9 indeed blocked Lhx3-induced activation of TeRE::GFP
(Figure 5A). Hb9 also blocked both V2-tetramer and MN-hex-
amer from activating TeRE::LUC in HEK293 cells (Figure 5B).
Hb9 repressed the basal level of activity by TeRE::LUC (data
Figure 4. Specificity of TeRE and HxRE in
the Neural Tube
(A–H) GFP-expression in HH stage 24 chick em-
bryos following electroporation of HxRE::GFP
(A–D) or TeRE::GFP (E–H) with constructs listed
above. Ventral (B and F) and dorsal (C), (D), (G),
and (H) spinal cords are shown.
(I) Motor axon projections ofMMCm (red) and LMC
(blue). DM, dermomyotome.
(J) GFP expression at thoracic level of HH stage 30
chick embryos electroporated with HxRE::GFP.
m, medial side; l, lateral side.
not shown). In contrast, Hb9 did not block
the MN-specific GFP expression from
HxRE::GFP and Hb9-MNe::GFP, which
direct GFP expression to MNs in re-
sponse to MN-hexamer (Lee and Pfaff,
2003; Figures S9A–S9C). Thus, Hb9 pref-
erentially represses TeRE.
Mnr2, an Hb9 paralog, is a transcrip-
tional repressor (William et al., 2003).
Thus, Hb9may directly bind TeRE and re-
press its function. To test whether Hb9 is
a repressor when fused to the heterologous DNA-binding do-
main of Gal4 (Gal4DBD), we used Gal4-binding UAS reporter.
Similar to Mnr2, Gal4DBD-Hb9 was a potent repressor in both
P19 cells and chick neural tube (Figures S10A and S10B). To
examine whether Hb9 promotes the ectopic MN generation
(Tanabe et al., 1998) via the repressor function of Hb9, we mon-
itored the MN-inducibility of three Hb9 derivatives in the chick
dorsal spinal cord, Hb9 wild-type as well as EnR-Hb9-HD and
VP16-Hb9-HD, in which homeodomain of Hb9 is fused to Dro-
sophila Engrailed repressor (EnR) and VP16 transcription activa-
tion domains, respectively. EnR-Hb9-HD induced a few ectopic
Mnr2/Hb9+ cells in the dorsal spinal cord, while VP16-Hb9-HD
did not (Figure S10C), suggesting that Hb9 acts as a repressor
in the developing spinal cord. Interestingly, Hb9 formed a re-
tarded band with TeRE1/2 in EMSA, which was supershifted by
Hb9 antibody (Figure 5C). While unlabeled TeRE1/2 efficiently
competed with [32P]labeled-TeRE1/2 for Hb9 binding, unlabeled
HxRE1/2 was a poor competitor (Figure 5C), indicating that Hb9
binds TeRE with higher affinity than HxRE. This is in contrast
with MN-hexamer, which favors HxRE over TeRE (Figure 3C).
Accordingly, Hb9 blocked the interactions of Isl1:Lhx3 with
TeRE1/2, while it had little effect on the interactions of Isl1:Lhx3
with HxRE1/2 (Figure 5D). Thus, in MNs, Hb9 preferentially
silences TeRE-containing V2 genes by replacing V2-tetramer
and MN-hexamer from TeREs and actively suppressing the
transcription.
LMO4 Blocks V2-Tetramer Assembly in MNs
The cooperation of Hb9 and LMO4 against inappropriate
V2-gene expression in MNs suggests that LMO4 may also im-
pinge on the activity of TeRE. Indeed, LMO4 inhibited Lhx3
from activating the TeRE reporters in both cell lines and chick
spinal cord, like Hb9 (Figures 5A and 5B). However, LMO4 was
less efficient to block the HxRE function in MNs and ectopicDevelopmental Cell 14, 877–889, June 2008 ª2008 Elsevier Inc. 881
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(A) Hb9 and LMO4 inhibit activation of TeRE::GFP by Lhx3 in the chick dorsal spinal cord.
(B) Reporter assays with TeRE::LUC in HEK293 cells. The error bars represent the standard deviation.
(C and D) EMSA with TeRE1/2 and HxRE1/2 as probes. Competition was with 10-fold molar excess of unlabeled TeRE1/2 and HxRE1/2 (C).
(E and F) Coimmunoprecipitation assays with in-vitro-translated Lhx3, NLI-LID, LMO4, and Isl1. The amount of NLI-LID (E) or NLI-LID and Isl1 (F) associating with
Lhx3 without or with LMO4 was monitored by immunoprecipitation with Lhx3 antibody followed by immunoblotting as indicated, and quantified relative to the
recovered amount by Lhx3 antibody without LMO4 (the numbers below each panel).
(G) Schematic representation of Isl1-Lhx3 fusion.
(H and I) The amount of Lhx3, Isl1, or Isl1-Lhx3 associating with GST-NLI was quantified relative to the recovered amount in the absence of LMO4 (the numbers
below each panel).
(H) GST pull-down assays with in-vitro-translated Lhx3, Isl1-Lhx3, and LMO4, and GST proteins purified from E. coli.
(I) In vivo GST pull-down assays in HEK293 cells expressing Lhx3, Isl1, or Isl1-Lhx3, along with GST-NLI.activation of the HxRE reporters by an MN-hexamer-mimicking
fusion Isl1-Lhx3 (Figure S9), suggesting that LMO4 antagonizes
the TeRE activity preferentially. As LMOs display high affinity
binding to NLI (Deane et al., 2004; Ryan et al., 2006), we rea-
soned that LMO4 disrupts V2-tetramer assembly by competing
with Lhx3 for binding NLI. Thus, we carried out in vitro coimmu-
noprecipitation assays andmonitored the interactions of NLI-LID
(LIM-interaction domain of NLI) and Lhx3 without or with LMO4
in vitro. LMO4 markedly reduced the interactions of NLI-LID
and Lhx3 (Figure 5E), indicating that LMO4 indeed disassembles
V2-tetramer. To test whether LMO4 also affects MN-hexamer
assembly, we incubated NLI-LID, Isl1, and Lhx3, without or
with LMO4 and immunopurified Lhx3-associated proteins. With-
out LMO4, Lhx3 can directly bind either NLI-LID or Isl1, which in
turn associates with NLI-LID. Thus, Lhx3 is predicted to bind
NLI-LID either directly through the NLI-LID:Lhx3 interactions or
indirectly through the NLI-LID:Isl1:Lhx3 complex formation
(Figure 1A; Thaler et al., 2002). As expected, Lhx3 readily bound
Isl1 and NLI-LID (Figure 5F). Under this condition, LMO4 did not
disrupt the interactions of Lhx3 and Isl1, and the amount of NLI-
LID immunoprecipitated with Lhx3 was less affected by LMO4 in
the presence of Isl1 (Figure 5F), suggesting that LMO4 blocks
V2-tetramer assembly preferentially.
To compare the ability of LMO4 to disassemble V2-tetramer
and MN-hexamer, we carried out in vitro GST pull-down assays
and monitored the interactions of NLI:Lhx3 or NLI:Isl1-Lhx3882 Developmental Cell 14, 877–889, June 2008 ª2008 Elsevier Inc.without or with LMO4. Isl1-Lhx3 is a fusion protein of full-length
Isl1 and Lhx3, which forms MN-hexamer with NLI and acts as
a potent HxRE activator and MN inducer in the chick neural
tube and P19 cells (Figure 5G, Figure S9D, unpublished data).
Lhx3 or Isl1-Lhx3 was incubated with either GST alone or GST-
NLI in the absence or presence of LMO4, and GST-bound pro-
teins were purified by glutathione beads.While LMO4 decreased
the interactions between NLI and Lhx3 to the 40% level of
NLI:Lhx3 interactions without LMO4, it failed to disrupt the inter-
actions of NLI and Isl1-Lhx3 under the same condition
(Figure 5H). To test the functionof LMO4 in thecomplex assembly
in vivo,we expressed Lhx3, Isl1, or Isl1-Lhx3, alongwithGST-NLI
in the absence or presence of LMO4 in HEK293 cells, purified
NLI-bound proteins with glutathione beads, and measured the
NLI-bound fraction of Lhx3, Isl1, or Isl1-Lhx3 using quantitative
western blotting analyses. LMO4 reduced the NLI:Lhx3 interac-
tions, but did not inhibit NLI:Isl1-Lhx3 binding in HEK293 cells
(Figure 5I), suggesting that V2-tetramer and MN-hexamer re-
spond differently to LMO4. Interestingly, NLI:Isl1 interactions
were also sensitive to LMO4, like NLI:Lhx3 binding (Figure 5I).
Our results show that LMO4 effectively disrupts V2-tetramer
formation, thereby cooperating with Hb9 to inhibit any aberrant
activation of TeREs in MNs. Thus, Hb9 and LMO4 serve as two
distinct, central players in segregating V2 and MN lineages
by differentially modulating the function of V2-tetramer and
MN-hexamer.
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(A) Schematic representation of genomic sequences of Chx10 locus. Evolutionarily conserved TeRE1/2s are shown in boxes. m, mouse; r, rat; h, human; c, chick;
z, zebrafish.
(B, D, and E) ChIP assays using E12.5 mouse embryonic spinal cord extracts (B and D) and transfected P19 cell extracts (E) for Chx10-TeRE and Hb9-MNe.
(C and F)Chx10-TeRE:LUC reporter is tested for responses to V2-tetramer, Hb9, and LMO4 inHEK293 cells.Chx10-TeREmt::LUC has pointmutations in all three
putative Lhx3-binding sites. The error bars represent the standard deviation.
(G)ChIPassaysusingE12.5mouseembryonic spinal cord extracts (lanes1and2) andP19cells transfectedwitheitherChx10wild-typeorChx10-N51A (lanes 3–5).
(H) Reporter assays in HEK293 cells with HxRE::LUC reporter. The error bars represent the standard deviation.
(I) Chx10, but not Chx10-N51A, inhibits MN generation in the chick spinal cord. Ectopic MNs in the dorsal spinal cord are marked by bracket.In Vivo Occupancy of TeRE in the Developing
Spinal Cord
Our results suggest that TeRE should be a binary switch to re-
cruit transcription activator V2-tetramer in V2-INs and transcrip-
tion repressor Hb9 inMNs. To test this idea in chromatin context,
a bona fide genomic target element for V2-tetramer is required.
Our bioinformatics approach identified a 57 nt region containing
three copies of sequences similar to TeRE1/2, which is located
between the V2-marker geneChx10 and a gene implicated in ap-
optosis, Lin-52 (Thomas et al., 2003), and conserved throughout
evolution for both its relative genomic position and sequence
(Figure 6A). In particular, the first and second motifs are identical
to the reported Lhx3-RE in mouse a-glycoprotein subunit gene
(Meier et al., 1999) and another high affinity Lhx3-binding site
selected in vitro (Yaden et al., 2005), respectively.
To analyze the in vivo interaction of V2-tetramer and MN-hex-
amerwith this region, termedChx10-TeRE, on chromosome dur-
ing spinal cord development, we performed chromatin immuno-
precipitation (ChIP) experiments using microdissected mouse
embryonic spinal cord. We took advantage of Hb9 promo-
ter::Lhx3 knock-in embryos that maintain Lhx3 in all postmitotic
mature MNs and thus retain MN-hexamer (Sharma et al., 2000).DWhen anti-Lhx3 antibody was used, Chx10-TeRE was detected
in immunoprecipitated Lhx3-chromatin complexes (Figure 6B),
indicating that endogenous Lhx3 indeed occupies Chx10-TeRE
in the developing spinal cord. Lhx3 also bound the MNe in Hb9
gene, presumably by forming MN-hexamer with Isl1 and NLI in
MNs. Indeed, Isl1 was recruited to Hb9-MNe, when we analyzed
Isl1-chromatin complexes purified with anti-Isl1 antibody (Fig-
ure 6B). In contrast, Isl1 did not occupy Chx10-TeRE (Figure 6B),
suggesting that MN-hexamer does not bind Chx10-TeRE in the
developing MNs. Thus, in the developing spinal cord, MN-
hexamer and V2-tetramer specifically bind HxRE-containing
MN genes and TeRE-containing V2 genes, respectively.
To test the responsiveness of Chx10-TeRE to V2-tetramer,
we generated Chx10-TeRE::LUC reporter and monitored its
transcriptional activity in HEK293 cells. Lhx3 alone activated
Chx10-TeRE::LUC and coexpression of NLI with Lhx3 further
stimulated the activation of Chx10-TeRE by Lhx3 (Figure 6C),
suggesting that V2-tetramer induces the transcriptional activa-
tion of Chx10-TeRE. Lhx3-N211S, a point mutant impaired in
DNA binding (Thaler et al., 2002), failed to activate Chx10-
TeRE (Figure 6C), indicating that direct DNA binding of Lhx3 to
Chx10-TeRE is necessary for its response to V2-tetramer.evelopmental Cell 14, 877–889, June 2008 ª2008 Elsevier Inc. 883
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TeRE::LUC reporter eliminated its activation by V2-tetramer (Fig-
ure 6C). These results indicate that Chx10-TeRE is a genuine
TeRE stimulated by V2-tetramer.
As Hb9 binds and silences synthetic TeRE (Figures 5B and
5C), we examined whether chromosomal TeRE binds Hb9 using
Chx10-TeRE. ChIPs with anti-Hb9 antibody usingmouse embry-
onic spinal cord revealed that Hb9 was recruited to Chx10-TeRE
(Figure 6D). These data suggest that TeRE is occupied by Hb9
and thus not accessed by MN-hexamer in the embryonic spinal
MNs. To test whether Hb9 competes with MN-hexamer for bind-
ing TeRE in vivo to block inappropriate activation of TeRE in
MNs, we carried out ChIP assays in P19 cells that have no Isl1,
Lhx3, and Hb9 (Lee and Pfaff, 2003). We transfected Isl1-Lhx3
with or without Hb9 in P19 cells, and immunopurified Isl1-
Lhx3-associated chromatin using anti-Lhx3 antibody. Separate
expression of Isl1 and Lhx3 can result in residual V2-tetramer
especially when more Lhx3 is present, but experiments with
Isl1-Lhx3 are free from any complication with V2-teramer
(Figure 5G). While Isl1-Lhx3 was recruited to Chx10-TeRE, Hb9
markedly reduced this interaction (compare lanes 1 and 2 in
Figure 6E), indicating that Hb9 indeed blocks the recruitment
of MN-hexamer to Chx10-TeRE in vivo. Under this condition,
Hb9 directly bound Chx10-TeRE (Figure 6E, lane 3). Thus, Hb9
prevents MN-hexamer from binding TeRE by directly occupying
TeRE in MNs. Interestingly, Hb9 repressed both the basal and
Lhx3-induced level of activity by Chx10-TeRE::LUC (Figure 6F),
indicating that Hb9 actively suppresses TeRE activity likely via
recruiting transcriptional corepressors to TeRE.
Importantly, these results suggest an interesting feedforward
gene regulatory loop in which onceMN-hexamer initiates the ex-
pression of Hb9 in MNs, Hb9 antagonizes the unwanted leaky
function of MN-hexamer (and any residual V2-tetramer) in acti-
vating V2 genes thereby refining MN-gene expression pattern
and cell identity.
Chx10 Blocks the HxRE Function in V2-INs
The differential regulation of TeRE in two cell types prompted us
to ask whether HxRE would be controlled in a similar manner
during MN- and V2-IN-differentiations. We noted that Chx10,
a downstream target gene of the V2-tetramer, belongs to the
paired-like homeodomain factor family, which binds DNA as
homo- or heterodimers (Wilson et al., 1993). Interestingly, the op-
timal target sequence of Chx10 is a palindromic inverted repeat
of TAAT separated by three nucleotides (Wilson et al., 1993,
1996), which is highly homologous to HxRE (Figure 3A). Thus,
we examined whether Chx10 binds HxRE in chromatin. ChIP as-
says with anti-Chx10 antibody in E12.5 mouse spinal cord cells
revealed that endogenous Chx10 in the spinal V2 cells bound
Hb9-MNe (Figure 6G, lanes 1 and 2). To test whether Chx10 rec-
ognizes HxRE though its DNA-binding homeodomain, we com-
pared the binding of Hb9-MNe by Chx10 and Chx10-N51A,
a DNA-binding defective point mutant (Dorval et al., 2005), using
P19 cells transfected with either Chx10 or Chx10-N51A. Wild-
type Chx10 was recruited to Hb9-MNe in chromatin, but
Chx10-N51A failed to bindHb9-MNe (Figure 6G, lanes 3–5), sug-
gesting that Chx10 directly binds Hb9-MNe through its homeo-
domain. Neither Chx10 nor Chx10-N51A bound retinoic acid
receptor-REs (data not shown), confirming the specificity of884 Developmental Cell 14, 877–889, June 2008 ª2008 Elsevier IncChx10 binding to Hb9-MNe. Next, we monitored the transcrip-
tional regulation of HxRE by Chx10 using HxRE::LUC reporter
in HEK293 cells. Chx10 inhibited both the basal level of HxRE
activity (compare lanes 1 and 3 in Figure 6H) and the activation
of HxRE by Isl1:Lhx3 (Figure 6H). This inhibition of HxRE
by Chx10 also required the DNA-binding activity of Chx10, as
Chx10-N51A failed to block the HxRE activity (Figure 6H). These
data indicate that Chx10 is a transcriptional repressor of HxRE.
To investigate whether Chx10 inhibits the activation of HxRE in
the neural tube, we examined the effect of Chx10 on ectopic
MN generation byMN-hexamer-mimicking Isl1-Lhx3 in the chick
neural tube. Indeed, coexpression of Chx10 suppressed the MN
formation triggered by Isl1-Lhx3 in the dorsal spinal cord
(Figure 6I, Figure S11). Chx10 also attenuated the endogenous
MNdevelopment in the ventral spinal cord (Figure 6I, Figure S11).
In contrast, Chx10-N51Ahadnoeffect (Figure 6I, FigureS10), fur-
ther supporting the notion that Chx10 blocks the activation of
HxRE by directly bindingHxRE in the spinal cord. The expression
levels of Chx10 and Chx10-N51A were comparable in both P19
cells and chick neural tube (Figure S11, data not shown). Thus,
Chx10 directly binds to HxRE and suppresses any erroneous
expression of HxRE-containing MN genes in V2-INs, helping to
ensure V2 fate in differentiating V2 cells.
DISCUSSION
In development and organogenesis, secreted morphogens di-
rect expression of distinct sets of transcription factors in a con-
centration-dependent manner. During the nervous system
development, the combinatorial use of a limited repertoire of
these transcription factors is utilized as a prevalent strategy to
achieve a great cellular diversity (Lee and Pfaff, 2001). In this
scheme, a single factor is often involved with specifying multiple
cell fates by forming complexes with other transcription factors
in a combinatorial manner. However, this strategy can be com-
plicated with the possibility of inappropriate coregulation of
target genes for the related complexes, as they share at least
a common DNA-binding component. This will result in improper
segregation of cell fates, particularly as neighboring cell domains
often express similar sets of transcription factors during cell
lineage specification. Our results provide a prototypic develop-
mental strategy designed to precisely segregate two related
cell differentiation pathways, which involves efficient feedfor-
ward gene regulatory loops.
Neuronal Subtype-Specific DNA-REs in the Developing
Spinal Cord
Our SELEX study revealed that the Lhx3-binding sites deviate
between HxRE and TeRE in sequence (Figure 3A). As HxRE
is recognized byMN-hexamer but not byV2-tetramer (Figure 3B),
the conformation of Lhx3 in MN-hexamer and V2-tetramer is
likely different. This may involve an allosteric structural change
in the DNA binding domain of Lhx3 in MN-hexamer, induced
by the Isl1:Lhx3 interaction. As MN-hexamer is assembled only
in MNs, HxRE-containing genes would be stimulated specifically
in MNs but not in V2-INs. In contrast, TeRE is activated by both
V2-tetramer and MN-hexamer in vitro (Figure 3E), suggesting
that TeRE-containing V2 genes could be inappropriately induced
in MNs. However, TeRE is a V2-specific response element in the.
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Hb9 and LMO4 to silence TeRE in MNs (see below). Thus, our
studies demonstrate that DNA-REs for specific transcription
complexes are sufficient to confer gene expressions to proper
cell types in developing embryos.
Although NLI-dimerization is dispensable for the DNA-binding
activity of V2-tetramer andMN-hexamer, it is essential for their ro-
bust transactivation (Figures 3D and 3E; Lee and Pfaff, 2003).
Thus, reiterated TeRE1/2s and HxRE1/2s are necessary for func-
tional TeREs and HxREs (Figure 1A). Indeed, the MN-specific en-
hancer ofHb9 has two functional HxRE1/2s spaced150 nt apart
(Lee et al., 2004; Lee and Pfaff, 2003). Similarly, we found three
evolutionarily conserved TeRE1/2 sequences in the Chx10-TeRE
region. Threepossible advantagescanbeproposed for theNLIdi-
merization in V2-tetramer and MN-hexamer. First, the require-
ment for multiple repeats of TeRE1/2 and HxRE1/2 may impose
higher stringency for functional target gene selection. Second,
NLI dimerization bridges two NLI-interacting transcription factors
bound to their DNA-binding sites separated by a relatively long
spacer region in Droshophila (Heitzler et al., 2003; Morcillo et al.,
1997). This raises the possibility that V2-tetramer and MN-hex-
amermay integrate the transcriptional activityofmultipleTeRE1/2s
or HxRE1/2s located within a single target gene or across multiple
target genes. For instance, bothChx10andLin-52have additional
TeRE1/2s within their gene (data not shown). Thus, it will be inter-
esting to test whether theChx10-TeRE region is required to regu-
late both Chx10 and Lin-52 by V2-tetramer and whether the mul-
tiple TeRE1/2s throughout these two genes enable V2-tetramer to
temporally coordinate expression of these genes during develop-
ment. Third, NLI dimerization may potentiate the transcriptional
activity of LIM-complexes by stabilizing the LIM-complexes
Figure 7. The Working Model
(A) In V2-INs, TeRE-containing V2 genes including
Chx10 are upregulated by V2-tetramer, and sub-
sequently HxRE-containing MN genes are sup-
pressed by Chx10 (see Discussion). In MNs, while
HxRE-containing MN genes are activated by
MN-hexamer, TeRE-containing V2 genes are
kept silent due to cooperative action of Hb9 and
LMO4. LMO4 disassembles V2-tetramer and
Hb9 competes with MN-hexamer/V2-tetramer for
binding TeRE. Thus, in LMO4:Hb9-double-knock-
out embryos, V2 genes are upregulated in MNs,
resulting in generation of MN-V2-hybrid cells.
(B) Feedforwad gene regulatory loops to precisely
segregate MN and V2 fates.
and/or facilitating recruitment of tran-
scriptional coactivators and chromatin re-
modeling complexes. Indeed, single-
stranded DNA-binding proteins have
been found to interact with NLI (Chen
et al., 2002b; van Meyel et al., 2003) and
augment the transactivation of NLI-con-
taining complexes (Nishioka et al., 2005;
Xu et al., 2007).
DNA-REs affect the protein-protein in-
teraction properties of their cognate tran-
scription factors. Sox2 and Pou factor
family members Oct1 or Oct4 dimerize onto different DNA-REs
in distinct conformational arrangements, offering one molecular
explanation for the wide spectrum of developmental functions
for Sox/Pou factors (Remenyi et al., 2003; Williams et al.,
2004). Thus, it will be interesting to interrogate the role of TeRE
and HxRE on the spatial alignment of DNA-protein complex of
Lhx3/TeRE1/2 and of Isl1:Lhx3/HxRE1/2.
Feedforward Gene Regulatory Loops to Precisely
Segregate MN and V2 Fates
As p2 and pMN cells are exposed to relatively similar concentra-
tion of Shh, deregulation of the transcriptional events down-
stream of Shh often results in V2-MN fate conversion or hybrid
phenotypes (Lu et al., 2002; Novitch et al., 2001; Zhou and
Anderson, 2002). The initial segregation of V2 and MN pathways
appears to involve transcriptional crossrepression of progenitor
factors Irx3 and Olig2 in neuroepithelial cells (Lu et al., 2002;
Novitch et al., 2001; Zhou and Anderson, 2002). However, addi-
tional mechanisms are likely to be needed, as both differentiating
V2 and MN cells express Lhx3/4, which are necessary for their
cell fates. Our results reveal an efficient feedforward gene regu-
latory circuitry in which a cell-type specific LIM-complex triggers
expression of a transcriptional repressor, which in turn binds and
represses the DNA-RE of another related LIM-complex, thereby
blocking the unwanted choice of alternative fates (Figure 7).
This likely contributes to establishing a precise cell identity
once a specific LIM-complex is assembled and activates the
downstream target genes in neural precursors.
First, MN-hexamer upregulates Hb9 (Lee and Pfaff, 2003),
which in turn refines MN-gene expression by silencing V2-genes
(Arber et al., 1999; Thaler et al., 1999; Figure 7). Hb9 selectivelyDevelopmental Cell 14, 877–889, June 2008 ª2008 Elsevier Inc. 885
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hexamer (and any V2-tetramer) to TeREs and represses their in-
appropriate activation in embryonic MNs. Indeed, V2 genes are
upregulated in MNs lacking Hb9 (Figure 1B; Arber et al., 1999;
Thaler et al., 1999). Hb9, a transcriptional repressor (Figure S10;
Figures 5B and 6F), may suppress TeRE-containing V2 genes by
recruiting corepressors to their TeREs. Mnr2, an Hb9 paralog, is
also known to recruit Ctbp-like corepressor (William et al., 2003).
Thus, TeRE-containing V2 genes are likely to be activated by
V2-tetramer in V2-INs, while they are simultaneously silenced
by Hb9 in MNs (Figure 7).
Second, V2-tetramer directly binds Chx10-TeRE and upregu-
lates Chx10 in chick spinal cord (Figures 6B and 6C), suggesting
that Chx10 is a direct target gene of V2-tetramer. Although
Chx10 regulates retinal development (Burmeister et al., 1996),
neither its function in the developing spinal cord nor its in vivo tar-
get genes are known. Interestingly, Chx10 binds Hb9-HxRE
through its homeodomain and represses both the basal and
MN-hexamer-induced levels of transcriptional activity mediated
by HxRE (Figures 6G and 6H), consistent with the previous report
that Chx10 primarily functions as a transcriptional repressor
(Dorval et al., 2005). In V2 cells, Chx10 could be necessary to
completely shut off any leaky expression of HxRE-containing
MN genes or to actively block erroneous activation of MN genes
by other transcription factors shared between V2-INs and MNs
via recruiting corepressors to HxREs. Overall, repression of
HxRE by Chx10 is likely to contribute to further refining V2 iden-
tity by suppressing unwanted MN-gene expression in V2 cells.
Analysis of V2 specification in Chx10 mutant embryos should
help examine this possibility genetically.
Overall, our studies reveal a sequential regulatory cascade of
gene expression that operates to ensure the high fidelity in
gene regulation required to specify two closely related, but dis-
tinct neural subtypes during vertebrate CNS development. This
cascade resembles feedforward loops described in other organ-
isms such as E. Coli, yeast, C. elegans and Drosophila (Baum-
gardt et al., 2007; Johnston et al., 2006; Milo et al., 2002; Shen-
Orr et al., 2002). In particular, our study highlights the key role
for DNA-REs in feedfoward gene regulatory loop and combinato-
rial transcription code, which have been underappreciated previ-
ously. BothHxREand TeRE function as binary switches in the de-
veloping spinal cord (Figure 7); i.e., TeRE is off-switch inMNs and
on-switch in V2-INs, while HxRE is on-switch in MNs and off-
switch in V2-INs. Importantly, these strategies should reinforce
the distinct gene expression outcomes in MNs and V2-INs, as
expression of HxRE- and TeRE-containing genes would be pre-
cisely coregulated to opposite directions depending on the cell
context. Thus, cell-type-specific DNA-RE alone is capable of
decoding all the cell-fate-specifying genetic programs installed
in each cell type, sensing both transcriptional activation and
repression machineries (Figure 7). This model also predicts that
a set of genes with TeRE or HxRE would be synonymously regu-
lated during cell fate specification. Thus, our defined consensus
TeRE and HxRE sequences could be useful in bioinformatics
approaches to find a group of genes, which are specifically ex-
pressed in V2-INs andMNs and direct V2 andMNdifferentiations
and maturations. Together, our findings provide a prototypic
gene regulatory network for cell-type specification in develop-
ment, which involves feedforward gene regulatory loops.886 Developmental Cell 14, 877–889, June 2008 ª2008 Elsevier IncHb9-MNe of Hb9 gene consists of functional HxRE and E-box
elements that recruit proneural basic helix-loop-helix (bHLH)
factors (Lee and Pfaff, 2003). MN-hexamer transcriptionally
synergizes with proneural bHLH factors Ngn2 and NeuroM to
fully activate Hb9 gene and subsequently specify MNs in the de-
veloping spinal cord and P19 cells. This synergistic interaction of
MN-hexamer and Ngn2/NeuroM requires DNA bindings of these
transcription factors in proximity. Thus, full activation of Chx10-
TeRE in the neural tubemay also need other transcription factors
bound elsewhere in Chx10. It will be interesting to test whether
V2-tetramer indeed cooperates with other transcription factors
involved in V2 specification, such as Mash1, GATA2, FoxN4, or
SCL (Karunaratne et al., 2002; Li et al., 2005; Muroyama et al.,
2005; Parras et al., 2002; Peng et al., 2007), to promote V2-IN
fate.
Cooperation between Hb9 and LMO4 to Render TeRE
Inactive in MNs
LMO4 disrupts the assembly of V2-tetramer in newborn MNs by
displacing Lhx3 from NLI (Figure 5) and suppresses V2-IN devel-
opment in chick embryos (Thaler et al., 2002). Among LMOs,
LMO4 is most highly expressed in differentiating MNs in chick
and mouse embryos (Figures S1–S3; data not shown) and it
binds NLI with a 2-fold higher affinity than LMO2 (Ryan et al.,
2006). Thus, LMO4 is a good candidate to regulate the formation
of LIM-complexes in MNs. Under the condition of 1:1 interac-
tions, the affinities of Lhx3 and Isl1 for NLI binding are compara-
ble (Thaler et al., 2002), suggesting that LMO4 inhibits similarly
the formation of V2-tetramer and MN-hexamer through compe-
tition for NLI binding. However, our data indicate that LMO4
functions as a selective competitor to disrupt V2-tetramer over
MN-hexamer assembly (Figure 5, Figure S9). Interestingly, the
binding of NLI and Isl1 without Lhx3 is also sensitive to LMO4
(Figure 5I), suggesting that the resistance of NLI:Isl1-Lhx3 bind-
ing to LMO4 is not simply due to the differences in the binding
affinities between NLI:Lhx3 interaction and NLI:Isl1 interaction.
Rather, the differences in the complex architecture of MN-hex-
amer and V2-tetramer (Figure 1A) may contribute to the distinct
sensitivity of the two complexes to LMO4. Relative to V2-tetra-
mer, MN-hexamer is a higher-order multiprotein complex (Fig-
ure 1A). Thus, it could be more stable through multiple protein-
protein interactions and less sensitive to a competitor such as
LMO4. In MNs, LMO4 should increase the population of MN-
hexamer, as MN-hexamer is formed at the expense of V2-tetra-
mer (Thaler et al., 2002). Consistently, deletion of LMO4 results in
progressive increase of V2-INs (Figures 1B and 1C). Although
V2-MN hybrid cells are consistently found in LMO4 mutants,
the phenotype is relatively subtle in LMO4 single mutant and
greatly enhanced in LMO4:Hb9 compound mutants (Figures
1B and 1C). Thus, LMO4 may provide a fine-tuning mechanism
to control the stoichiometry of LIM-complexes in the developing
spinal cord by increasing MN-hexamer concentration in MNs.
Our results demonstrate that Hb9 and LMO4 cooperate to si-
lence V2 genes (Figures 1B, 1C, and 2B). Why is the cooperative
action of Hb9 and LMO4 necessary to inhibit V2 genes in MNs?
LMO4 seems to function as a modulator, rather than an active
MN fate selector, to promote MN-hexamer formation over other
possible LIM-complexes in MNs. Likewise, although Hb9 is
dominant over MN-hexamer for TeRE binding and thus blocks.
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(Figure 5D), Hb9 may have intrinsically modest affinity to TeRE
(weaker than V2-tetramer). Thus, Hb9 alone could be inefficient
in blocking binding of V2-tetramer to TeRE, and may not com-
pletely shut down V2-gene expression in MNs, unless LMO4
helps Hb9 to bind TeRE more readily by destabilizing V2-tetra-
mer, Hb9’s competitor to bind TeRE. The loss of LMO4 and
Hb9 in LMO4:Hb9-DKO likely permits both V2-tetramer and
MN-hexamer to bind TeREs and upregulate V2 genes. As a con-
sequence, both TeRE-containing V2 genes and HxRE-contain-
ing MN genes are activated in MNs, thereby resulting in MN-V2
hybrid cells (Figure 7A). Thus, the functional cooperation be-
tween Hb9 and LMO4 is expected to be a critical component
in the overall strategy to suppress expression of V2 genes in
MNs. Together, our findings underscore the importance of ac-
tively suppressing alternative fate choice to generate correct
neuronal subtype.
The Role of LIM-Complexes and LMO4 in Postmitotic
Neuronal Diversification
Our data demonstrate that transcriptionally active endogenous
MN-hexamer is assembled in MMCm-MNs (Figure 4J). Interest-
ingly, LMO4 is maintained mainly in MMCm-MNs among motor
columns (Figure S3B). Thus, the HxRE may mediate not only
MN specification but also postmitotic MN diversification to
MMCm cells and LMO4 may also antagonize the unwanted for-
mation of V2-tetramer in MMCm cells. V2-INs also undergo fur-
ther diversification to excitatory Chx10+ V2a-INs and inhibitory
GATA2/3+ V2b-INs (Peng et al., 2007). Analogous to MN devel-
opment, Lhx3 is maintained in V2a-INs, but extinguished in
V2b-INs (Peng et al., 2007). Thus, TeRE activity could be main-
tained only in V2a subtype in which V2-tetramer is assembled.
In comparison, V2b-INs express GATA2/3, SCL, and LMO4
(data not shown; Karunaratne et al., 2002; Muroyama et al.,
2005), which could assemble a transactivating complex similar
to a hematopoietic complex containing NLI, GATA1, SCL, and
LMO2 (Wadman et al., 1997). This raises the possibility that
LMO4 might control the V2 subtype segregation by acting as
an activator in V2b and a repressor in V2a.
In summary, our studies have established that subtle differ-
ences in DNA-REs can direct segregation of lineage-specific
transcription pathways in the developing nervous system by
concertedly mobilizing the action of transcriptional activators
and repressors. This regulatory network likely represents aproto-
typic genetic mechanism for segregating related but distinct cell
fates during the nervous system development. Importantly, this
knowledge should provide a rational strategy to direct stem/
progenitor cells into MNs in vitro.
EXPERIMENTAL PROCEDURES
EMSA and ChIP
EMSA and ChIP assays were performed as described (Lee and Pfaff, 2003).
In Ovo Electroporation and Immunohistochemistry
In ovo electroporation and immunohistochemistry were performed as de-
scribed (Sharma et al., 1998). Coelectroporation of two plasmids typically re-
sulted in greater than 90% of cells coexpressing both plasmids. More than 15
embryos were analyzed for each electroporation experiment and over 90% of
embryos produced the identical/similar results along the rostral-caudal spinalcord. The intensity of GFP fluorescence was quantified using Axiovision 4.0
(Zeiss).
Transfection and Luciferase Assays
These experiments were performed as described (Lee and Pfaff, 2003). Lucif-
erase reporter data are shown in relative activation fold (mean ± SEMof at least
three experiments).
SELEX
SELEX was performed as described (Wadman et al., 1997), with in vitro tran-
scribed and translated proteins HA-Isl1 and Flag-Lhx3 using TNT reticulocyte
lysate (Promega) and a pool of double-stranded oligonucleotides containing
a central core region of 22 randomnucleotideswith identical 50- and 30-flanking
regions. For each reaction, 20–30 clones were randomly selected and
sequenced.
In Vitro Coimmunoprecipitation and GST Pull-Down Assays
These experiments were done as described (Lee et al., 1998; Lee and Pfaff,
2003; Thaler et al., 2002). The bound fractions of proteins were quantified by
the Odyssey imaging system (Li-Cor) following western blotting with fluores-
cence-labeled secondary antibodies.
SUPPLEMENTAL DATA
Supplemental Data include eleven figures and are available with this article
online at http://www.developmentalcell.com/cgi/content/full/14/6/877/DC1/.
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